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The fluorescence profiles generated from DNA samples and negative controls are shown in Fig. 1 . When the hybridization probes for the Pi*S allele were used (Fig.  1A) , fluorescence increased constantly in the samples with the DNA (samples 2 and 3), whereas no fluorescence was detected in the H 2 0 control (sample 1). Analysis of PCR products on agarose gels revealed the presence of the specific 238-bp PCR product (Fig. 1C) . The melting curves of the same samples are shown in Fig. 1B . The melting point (T m ) of the wild-type sample (curve 3) was at 55.7°C, whereas the heterozygous sample (curve 2) produced two melting peaks at 48.6°C and 55.7°C. Despite the equal amounts of PCR product in the capillaries, the fluorescence intensity in sample 2 was substantially lower than in sample 3. This is because the T m of the mismatched probe in one-half of the PCR products from the heterozygotes (sample 2) was below the annealing temperature in the PCR reaction. Therefore, when homozygous mutant individuals are analyzed, no fluorescence is generated during the PCR. However, melting peaks will reveal the proper genotype because melting curves start at a low temperature.
The fluorescence monitored with the hybridization probes specific for the Pi*Z allele is illustrated in Fig. 1D . The three DNA samples of different genotypes generated different fluorescence signals, although the analysis of the PCR products on agarose gels revealed equal amounts of PCR product (Fig. 1F) . The detection probe AATZM was derived from the wild-type sequence and matched the non-mutant PCR products perfectly, leading to stable hybridization at the annealing temperature, whereas base pairing with PCR products from homozygous mutant individuals (curve 4, Fig. 1D ) was impaired because of a low T m (55.8°C) compared with a higher T m in the wild-type sample (curve 3), which was 61.5°C ( Fig. 1 E) .
To date, we have analyzed Ͼ50 individuals for the Pi*S and Pi*Z alleles. The results were consistent with the results from PCR-RFLP analyses. The basis for the design of the PCR primers is the same as required for traditional thermal cyclers and has been described in detail elsewhere (7, 8 ) . Time-consuming optimization procedures are not required. An additional advantage of this technology is that contaminating, nonspecific PCR products do not affect the results. A distance of two nucleotides between the anchor primer and the detection primer was ideal for efficient energy transfer and signal generation. The hybridization probes for the Pi*S allele (anchor and detector primer) had a distance of two nucleotides, whereas the probes in the Pi*Z application were at a distance of three nucleotides. It is conceivable that the difference in signal intensity seen in Fig. 1 , A and D (5 vs 1.7) results from a less efficient energy transfer at a distance of three nucleotides.
In our opinion, this methodology is more accurate than conventional, gel-based assays because it facilitates the identification of the gene-specific PCR product and uses this product for mutation detection. In a traditional PCR-RFLP-based method, contaminating PCR products would scramble the analysis. Therefore, this high-speed, smallvolume alternative, which generates lower reagent costs and considerably lower labor costs, is a highly competitive technology in a routine laboratory.
We have established high-speed (30 min) and easy to perform mutation detection for the alleles Pi*S and Pi*Z of the gene for protease inhibitor 1, which is responsible for AT deficiency, by use of the LightCycler technology and melting curves. This system minimizes PCR contamination attributable to sample handling (closed capillaries throughout the PCR and detection processes) and does not require digestion of PCR products with restriction enzymes and/or fragment separation on gels. Two point mutations in the hemochromatosis gene (HFE) are considered responsible for the development of hereditary hemochromatosis (HH), an autosomal recessive iron overload disease. One of these mutations produces a cysteine-to-tyrosine amino acid substitution at position 282 of the HFE protein (Cys282Tyr), caused by a G-to-A transition at nucleotide position 845. A homozygous Cys282Tyr mutation is present in 80 -100% of hemochromatosis patients (1, 2 ) . This mutation prevents interaction of HFE protein with ␤ 2 -microglobulin, leading to an inability to bind to the transferrin receptor, a process that is necessary for iron resorption (3, 4 ) .
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A second mutation, which changes histidine at position 63 to aspartic acid (His63Asp), caused by a C187G transversion does not affect this binding but possibly blocks the interaction with other ligands (3, 5 ) . In contrast to the Cys282Tyr mutation, the role of the His63Asp mutation in the pathogenesis of the disease is uncertain. A heterozygous His63Asp mutation is often observed in Cys282Tyr heterozygous patients. This genotype combination is called compound heterozygosity and is observed in 4 -5% of HH cases. Therefore, it must be considered, like the homozygous Cys282Tyr mutation, as a genetic disposition for HH. However, it seems to play a subordinate role and seems to be important only in combination with the Cys282Tyr mutation (6 ) . Approximately 3% of the population is homozygous for the His63Asp mutation, and thus is not considered in the risk group for HH (6, 7 ) . In rare HH cases, none of these known HFE mutations are present. Other mutations, possibly not associated with HFE, might contribute to the development of hemochromatosis (2 ) .
There are many current methods available for genotyping the two known hemochromatosis-causing mutations, including oligonucleotide ligation assay (8 ), single-strand conformation polymorphism (9 ), allele-specific PCR (10, 11 ) , and PCR-restriction fragment length polymorphism analysis (12 ) . All of these methods are timeconsuming and require multiple manual steps. Recently, several new, homogeneous, single-tube genotyping methods have been described for the detection of single nucleotide polymorphisms or single base-pair mutations. They use either fluorescently labeled oligonucleotide probes (13) (14) (15) or the double-stranded DNA-selective fluorescent dye, Sybr Green I (16, 17 ) in combination with rapid thermal cyclers. We describe here the use of a rapid and simple multiplex PCR with special fluorescently labeled oligonucleotide hybridization probes on the LightCycler TM Instrument (Roche Diagnostics), which has been demonstrated to be an ideal screening method for genotyping both mutations simultaneously. A similar method, which uses peptide nucleic acid probes as allelespecific primer inhibitors in combination with the LightCycler that fluorometrically monitors real-time formation of the amplicon with Sybr Green I, was described recently but only for the detection of the Cys282Tyr mutation (16 ) . The method we present here is more progressive because both HFE mutation sites can be genotyped in one PCR reaction. The reliability of the system was evaluated by the comparison with two conventional methods, allelespecific PCR (Mangasser-Stephan et al., unpublished data) and restriction fragment length polymorphism analysis (12 ). Twenty-eight local patients were analyzed, and the obtained genotypes were concordant in all cases.
The LightCycler is a microvolume fluorometer integrated with a thermal cycler that combines rapid-cycle DNA amplification with real-time fluorescence monitoring. Fluorescence monitoring of amplification is based on the concept that a fluorescence signal is generated when fluorescence resonance energy transfer occurs between two adjacent fluorescently labeled sequence-specific hybridization probes (18 ) . The two probes are designed to hybridize to the same strand between two unlabeled primers. One of the probes is labeled at the 3Ј end with fluorescein and the other probe is labeled at the 5Ј end with a LightCycler red fluorophore. After hybridization, the two probes are in close proximity, which allows fluorescence energy transfer between these fluorophores. The donor fluorophore fluorescein (FLU) is excited by the light source of the instrument, and part of the excitation energy is transferred to LightCycler Red 640 (LC-Red 640), an acceptor fluorophore. The emitted fluorescence is measured and is proportional to the amount of specific target sequences in the reaction mixture. With an appended melting curve analysis of the obtained amplification products, the method is suitable for genotyping or mutation detection.
Mutation analysis of single point mutations has been described for the factor V Leiden mutation (19 ) and the C677T point mutation in the methylenetetrahydrofolate reductase gene (20 ) , using the LightCycler. In this report, we describe the primer design, amplification protocol, and melting curve analysis for the simultaneous detection of the two common HFE mutations by multiplex PCR on this system.
The multiplex PCR contained two unlabeled primer sets and two fluorescently labeled probe sets. Appropriate hybridization probes were selected considering the following criteria. To delay displacement of the probe by the polymerase and to allow maximum hybridization time, both hybridization probes for each mutation area were placed as far as possible from the extending primers. In addition, to achieve optimal energy transfer, the spacing between each of the probes was chosen not to exceed more than 1-4 bases because a greater distance would lead to a loss of the fluorescence signal (21 ) . The following primer and probe sequences were used: For Cys282Tyr genotyping, the forward primer was 5Ј-TGG CAA GGG TAA ACA GAT CC-3Ј and the reverse primer was 5Ј-CTC AGG CAC TCC TCT CAA CC-3Ј. The anchor probe, 5Ј-LC-Red 640-CCC AGG CCT GGA TCA GCC CCT CAT TGT GAT CTG GG-3Ј-P (Fig. 1A ) was 5Ј labeled with the LC-Red 640 fluorophore and phosphorylated (P) at its 3Ј end to prevent probe elongation by the Taq polymerase. The mutation probe, 5Ј-AGA TAT ACG TAC CAG GTG GAG-3Ј-FLU was labeled with fluorescein as indicated (Fig. 1A) . For His63Asp genotyping, the forward primer 5Ј-GCC TCA GAG CAG GAC CTT GG-3Ј and the reverse primer 5Ј-CAG CTG TTT CCT TCA AGA TGC-3Ј were used. The anchor probe was 5Ј-CTT GAA ATT CTA CTG GAA ACC CAT GGA GTT CGG GGC TCC-3Ј-FLU and the mutation probe was 5Ј-LC Red 640-CAC GGC GAC TCT CAT CAT CAT AGA ACA CGA ACA-3Ј-P. With the two unlabeled sequence-specific oligonucleotides, PCR fragments of ϳ390 and 310 bp spanning the Cys282Tyr and His63Asp mutation site were created. The second fluorescently labeled primer pair for each of both mutations was then annealed to the fragments. The 3Ј-FLUlabeled probe and the 5Ј-LC Red 640-labeled probe were in fluorescence energy transfer when hybridized to the same strand internal to the unlabeled primer set. The mutation probes were selected to be completely complementary with the mutated sequences of each mutation site. Therefore, during melting curve analysis, a more stable duplex with the mutant allele than with the wildtype allele was formed. Depending on which kind of genotype was present in the template, the thermal stabilities of the duplex between the hybridization probes and the amplicons were divergent and produced allele-specific melting curves. In Fig. 1A, a schematic diagram showing the hybridization of the probes to the PCR fragment containing the Cys282Tyr mutation site of the HFE gene is demonstrated.
DNA was extracted from 200 L of EDTA blood using the QIAamp Blood kit (Qiagen); however, other DNA extraction methods are also applicable without any problems. The unlabeled primers for amplification were synthesized by MWG Biotech AG, and the hybridization probes were from TIB MOLBIOL.
LightCycler amplification was performed in a total volume of 20 L containing 1-10 L of DNA solution. In the majority of cases, an initial DNA template concentration of ϳ50 -80 ng was appropriate to achieve a measurable fluorescence signal. Only in rare cases was an increase of the template concentration by 50% necessary. The resolution of the melting curves was not affected by various DNA template concentrations. In addition, the reaction mixture contained 2 L of 10ϫ master HFE mixture ( (A), an amplicon that spans the area of the mutation site is created with the unlabeled primers. Two hybridization probes anneal to the same strand internal to the unlabeled primer set. These fluorescently labeled probes are in fluorescence resonance energy transfer. The long anchor probe is 5Ј labeled with LC-Red 640 and phosphorylated at its 3Ј end. A shorter hybridization probe, the so-called mutation probe is 3Ј labeled with fluorescein and is complementary to the mutant sequence. (B), shown are four samples (three patient samples and one plasmid control) with different Cys282Tyr/ His63Asp genotypes: (-------), Cys282 homozygous wild type/His63 homozygous wild type; (ϩ), Tyr282 homozygous mutant type/Asp63 homozygous mutant type (plasmid control); (ࡗ), Tyr282 homozygous mutant type/His63 homozygous wild type; (-------), Cys282Tyr heterozygous mutant type/His63Asp heterozygous mutant type. The results from four representative samples are shown in Fig. 1B . The genotypes could be identified easily and clearly by the generation of characteristic fluorescence melting peaks. Analyzing 28 local patient samples without prior knowledge of the genotypes, we compared this technique with the results obtained with two conventional methods (allele-specific PCR and PCR-restriction fragment length polymorphism analysis). In each case, identical genotypes were obtained. The distributions of the detected genotypes are listed in Table 1 .
In conclusion, this assay has shown its reliability and rapid practicability. It exceeds all other currently available methods and therefore is especially suitable for molecular diagnostic routine laboratories, where a large number of samples must be processed.
